The islet-specific zinc transporter ZnT8 is a major self-antigen found in insulin granules of pancreatic ␤-cells. Frequent insulin secretion exposes ZnT8 to the cell surface, but the humoral antigenicity of the surface-displayed ZnT8 remains unknown. Here we show that a membrane-embedded human ZnT8 antigen triggered a vigorous immune response in ZnT8 knock-out mice. Approximately 50% of serum immunoreactivities toward ZnT8 were mapped to its transmembrane domain that is accessible to extracellular ZnT8 antibody (ZnT8A).
Zinc transport-8 (ZnT8) 4 is an islet-specific zinc transporter responsible for zinc enrichment in insulin secretory granules to enable insulin metalation and crystalline packaging (1) . Peptides derived from ZnT8 have been identified as diabetogenic self-antigens both for CD8 ϩ and CD4 ϩ T-cells (2) (3) (4) (5) (6) . Many targets of autoreactive T-cells are also humoral self-antigens recognized by serum autoantibodies, which are used as biomarkers for T-cell autoimmunity and type 1 diabetes (T1D) progression (7, 8) . Serum autoantibodies directed against four major ␤-cell antigens: insulin (9) , glutamic acid decarboxylase (10) , IA-2 (insulinoma-associated protein 2) (11), and ZnT8 (12) , allow autoimmunity to be confirmed in more than 96% of individuals newly diagnosed with T1D (13) . Based on a partial ZnT8 antigen encompassing a cytosolic C-terminal domain (CTD, amino acids 275-369), serum ZnT8A was detected in 60 -80% of sera from subjects with new onset T1D, including 26% ZnT8A-positive sera that were tested negative for other humoral T1D self-antigens (14, 15) . At present, the anti-CTD ZnT8As are clinically used as a major biomarker in predicting T1D development in asymptomatic individuals at high risk.
Antibodies reactive to the cell surface of islet cells were observed in sera from children with T1D (16) . A subclass of these antibodies was found to be ␤-cell-specific (17) and preferentially lytic for ␤-cells (18) . These observations suggested a direct pathogenic role of surface-bound autoantibodies. However, the specificity of islet cell surface antibodies remains controversial (19, 20) , and the molecular identity of the cell surface self-antigen is unclear. Previously, ZnT8 in insulin secretory granules was thought to be an intracellular self-antigen recognized by ZnT8A after T-cell-mediated ␤-cell destruction (12) . We showed recently that the granular ZnT8 is trafficked to the surface membrane following insulin secretion (see Fig. 1A ), thereby exposing its transmembrane domain (TMD, amino acids 60 -266)) to serum ZnT8A recognition (21) . By comparing the incidences of anti-CTD and anti-full-length ZnT8 (TMDϩCTD) autoantibodies in 307 human sera from T1D diabetic and healthy control subjects (22) , we detected a subclass of anti-TMD ZnT8A in the disease population. This finding raised the question as to whether serum anti-TMD ZnT8A in patients with T1D could recognize and react to ZnT8 on the surface of live pancreatic ␤-cells.
Here we present a full-length human ZnT8 antigen in reconstituted proteoliposomes (23) . We first evaluated the antigenicity of the exposed extramembranous ZnT8 epitopes in mice based on humoral antibody responses to proteoliposome immunization. Full-length and partial ZnT8 antigens were used to determine the distribution of anti-TMD and anti-CTD ZnT8A in the polyclonal ZnT8A repertoire. We confirmed the conformation-specific ZnT8A binding to the full-length ZnT8 antigen, uncovered anti-ZnT8 immunoreactivity arising from TMD, and demonstrated specific anti-ZnT8 labeling of live rat insulinoma INS-1E cells (24) over a ZnT8 KO background. Next, we implemented ZnT8A assays to detect ZnT8A in human sera from patients with T1D and healthy control subjects and quantify the ZnT8-specific immunoreactivity toward the surface of live INS-1E cells. Our results revealed a subclass of human ZnT8A directed to live ␤-cells. This finding provides the biochemical basis for exploring the potential pathogenic roles of surface-bound ZnT8A in antibody-mediated ␤-cell dysfunction and cytotoxicity in the development of T1D.
Results

Humoral anti-ZnT8 immune responses
The antigenicity of a full-length ZnT8 antigen was examined in mice. Recombinant human ZnT8 heterologously expressed in 293 cells was purified and reconstituted into proteoliposomes (23) . Multiple copies of purified human ZnT8 proteins were inserted into a single proteoliposome with mixed transmembrane orientations, presenting both TMD and CTD on the extravesicular surface ( Fig. 1B) . The right-side-out ZnT8 exposed the extracellular surface of TMD, mimicking ZnT8 on the surface membrane of live ␤-cells (Fig. 1A) . The inside-out ZnT8 adopted an opposite orientation, presenting CTD for immunization ( Fig. 1B ). Because of a high interspecies homology between human and mouse, the anti-ZnT8 immune response was interrogated in ZnT8 KO mice to avoid the occurrence of central tolerance to human ZnT8 (25) . The proteoliposome antigen was also immobilized to a 96-well microtiter plate to detect serum ZnT8A by ELISA. Assay calibration using a Proteintech anti-ZnT8 pAb demonstrated a linear titration curve in a logarithmic scale ( Fig. 1C , blue line). Titrations of immunized mouse sera showed that intraperitoneal injection of proteoliposomes evoked a rapid and vigorous immune response. Two weeks after the initial proteoliposome injection, titrations of an proteoliposome-immunized serum yielded a titer of ϳ50,000, ϳ100-fold higher than the non-immunized control (Fig. 1C , magenta line). Two additional proteoliposome injections at weeks 3 and 4 led to additional ϳ10-fold boost of antibody titers in all seven animals ( Fig. 1C, red lines) . In sharp contrast, antibody titers for liposome immunization remained at the non-immunized background (Fig. 1C , cyan and black lines), indicating that the level of anti-lipid antibodies in sera was negligibly low. The serum anti-ZnT8 immunoreactivity was confirmed by immunoblotting of crude lysates from HEK293 cells. Comparing lysates from cells with and without ZnT8 overexpression, proteoliposome-immunized sera and two validated commercial anti-ZnT8 antibodies (anti-TMD and anti-CTD) detected a common protein band at a ϳ32-kDa position ( Fig. 1D ) ascribed to human ZnT8 previously (23) . Because the membrane embedded region of TMD was not accessible to ZnT8A binding in proteoliposome-based ELISA detection, the observed ZnT8-specific antigenicity was attributed to extramembranous epitopes. The green bars and magenta circles represent insulin molecules and zinc ions, respectively. B, mixed transmembrane orientations of ZnT8 in a proteoliposome with both TMD and CTD exposed. C, titrations of serum anti-ZnT8 antibodies by proteoliposome-based ELISA using sera collected from seven mice with four weekly proteoliposome injections (red lines), one mouse with two weekly proteoliposome injections (magenta line), and two mice with four weekly liposome injections (cyan lines). Titrations with a commercial anti-ZnT8 pAb and non-immunized sera are shown as blue and black lines. D, immunoblotting of crude lysates of 293 cells with or without ZnT8 overexpression. ZnT8 (black arrow) in lysates was probed using a proteoliposome-immunized serum, anti-ZnT8 pAb (anti-TMD), or anti-ZnT8 mAb (anti-CTD) as indicated. Note, all proteoliposome-immunized sera showed a similar anti-ZnT8 immunoreactivity. Results from one representative serum are presented thereafter.
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Conformation-specific binding
The ZnT8A titers after four weekly proteoliposome injections were ϳ100-fold higher than the titer of the Proteintech anti-ZnT8 pAb directed to a linear epitope at the N terminus of TMD (Fig. 1C ). The higher ZnT8A titers may reflect higher ZnT8A avidity involving the bindings of multiple immunodominant residues brought together by a proper folding of ZnT8 in a native state. To detect conformation-specific ZnT8A binding, we generated an INS-1E cell line that stably expressed human ZnT8 with a GFP appended to the C terminus. Detergent-solubilized ZnT8⅐GFP exhibited a major monodispersed peak by size-exclusion HPLC with fluorescence detection ( Fig.  2A , green line). Adding a proteoliposome-immunized serum to ZnT8⅐GFP protein resulted in multiple peaks, indicating the formation of ZnT8A-ZnT8⅐GFP complexes in various multimeric states ( Fig. 2A , red line). By comparison, the liposomeimmunized serum did not alter the chromatogram profile of the unbound ZnT8⅐GFP peak ( Fig. 2A, blue line) . Reducing the serum-to-ZnT8⅐GFP ratio in the binding mixture reduced the multipeak profile to a single complex peak ( Fig. 2B, red line) , which was shifted leftward from the unbound ZnT8⅐GFP peak position (blue line) with an increase of 170 kDa, corresponding to the formation of an ZnT8A-ZnT8⅐GFP complex at a 1-to-1 binding stoichiometry as described previously (21) . The formation of ZnT8A-ZnT8⅐GFP complex was confirmed by anti-GFP and anti-mouse-IgG immunoblotting (Fig. 2C ). Both ZnT8⅐GFP and ZnT8A were detected in the peak fraction of higher molecular mass ( Fig. 2B , red line), whereas ZnT8⅐GFP alone was detected in the peak fraction of lower molecular mass ( Fig. 2B , blue line). The ability of proteoliposome-immunized sera to binding ZnT8 in a native conformation provided the experimental basis for immunodetection of native ZnT8 on the surface of live pancreatic ␤-cells.
Epitope mapping
The ZnT8 isoform 2 does not have a cytosolic N-terminal domain (26) . A given ZnT8A epitope could be localized either in TMD or CTD. To characterize the distribution of ZnT8A epitopes between TMD and CTD, we performed a quantitative comparison of ZnT8A titrations against purified CTD and fulllength ZnT8 (isoform 2). Both proteins contained an identical C-terminal His tag for immobilization to nickel-coated plates. Titrations with an Amgen anti-ZnT8 mAb directed to a C-terminal peptide epitope ( Fig. S1 ) showed near superimposable titrations for immobilized CTD and ZnT8 ( Fig. 3 ), indicating that both antigens responded approximately equally to ELISA detection of a common C-terminal epitope. When titrated with proteoliposome-immunized sera, however, the anti-ZnT8 titration curve was shifted leftward relative to the anti-CTD curve. The overall CTD/ZnT8 ratio calculated from all ELISA readouts in the titration curves was 0.46 Ϯ 0.06 (n ϭ 9), suggesting that ϳ50% of ZnT8A were directed to TMD, which could be accessible to ZnT8A binding on the surface of live ␤-cells as depicted in Fig. 1A . 
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To visualize ZnT8A binding on the surface of live cells, we exposed live INS-1E cells to proteoliposome-immunized mouse sera followed by anti-mouse IgG immunofluorescence staining at 4°C. Confocal microscope imaging of INS-1E cells revealed a strong surface staining ( Fig. 4A ). By comparison, staining live INS-1E cells with a liposome-immunized mouse serum did not yield a detectable cell surface signal (Fig. 4A ). We further evaluated ZnT8 specificity by comparing surface staining of WT and ZnT8 KO INS-1E cells generated by CRISPR/ CAS9-mediated gene deletion (27) . Anti-ZnT8 immunoblotting of ZnT8 KO cells confirmed the loss of ZnT8 expression ( Fig. S2) , and live-cell staining with a zinc indicator Zinpry-1 showed a 37% reduction of intracellular zinc fluorescence in ZnT8 KO cells ( Fig. S3 ). Concomitantly, staining ZnT8 KO cells with proteoliposome-immunized sera revealed a significant reduction of surface immunofluorescence (Fig. 4A ). The residual non-ZnT8 signals were apparently related to ZnT8 immunization because liposome-immunized sera stained neither WT nor KO cells (Fig. 4A) . Thus, the immunofluorescence difference between WT and KO cells reflected ZnT8-specific labeling. The WT and KO difference was quantitatively evaluated over 10,000 live cells by flow cytometry (Fig. S4 ). The immunofluorescence of individual cells was recorded to construct an intensity distribution histogram, which was least squares-fitted to a Lorentzian distribution to calculate the mean intensity and standard error (Fig. 4 , B and C). Staining live cells with proteoliposome-immunized sera progressively shifted the histogram rightward with an increasing serum concentration for WT cells (Fig. 4B ) and to a lesser degree for KO cells (Fig. 4C ). The surface immunofluorescence intensity approached saturation at higher serum concentrations where the WT-staining was 2.2-fold higher than the KO-staining with a proteoliposome-immunized serum (Fig. 4D) . In contrast, no significant WT-KO difference was observed for surface staining with liposome-immunized sera at background levels (Fig. 4D) . Taken together, the WT-KO difference obtained from cell population-based flow cytometry analysis gave a reliable measure of ZnT8-specific immunoreactivity toward the surface of live ␤-cells.
Immunoreactivity of human T1D sera against the surface-displayed ZnT8
Having established live-cell measurement of ZnT8-specific surface labeling, we interrogated human sera for immunofluorescence staining of live INS-1E cells. To eliminate serum autofluorescence and minimize serum-to-serum variation, we pooled eight ZnT8A-positive sera from patients with new-onset T1D (age/gender: 9.3/F, 6.3/F, 12.9/F, 13.1/M, 11.3/M, 15.4/M, 14.2/F, and 6.6/F) and five ZnT8A-negative sera from (Fig. 5A ). Conformation-specific ZnT8A binding to detergent-solubilized ZnT8⅐GFP was evaluated by GFP size-exclusion HPLC, revealing three peaks using IgG from diabetic patients, corresponding to unbound ZnT8⅐GFP, 1:1 ZnT8A-ZnT8⅐GFP complex, and ZnT8Across-linked ZnT8⅐GFP multimers (Fig. 5B) . In contrast, IgG from non-diabetic control subjects showed a single unbound ZnT8⅐GFP peak. Confocal microscopy imaging of live INS-1E cell staining revealed that IgG from diabetic patients produced a ring-like pattern of surface immunofluorescence, whereas control IgG only yielded some scattering signals (Fig. 5C ). To evaluate ZnT8-specific immunofluorescence, we exposed KO cells to IgG from diabetic patients or non-diabetic control subjects under the identical experimental condition. The IgG from both sources stained KO cells at lower background levels (Fig.  5C ). Average cell surface immunofluorescence was obtained by least squares fitting of flow cytometry histogram over 10,000 single cell recordings (Fig. 5D ). Three independent experiments yielded highly reproducible results (Fig. S5) , showing a marked 2.1-fold WT-KO difference in mean fluorescence intensity values for diabetic patients, in contrast to a small WT-KO difference for healthy control subjects. This result validated ZnT8-specific immunoreactivity directed to the surface of live pancreatic ␤-cells. The residual KO cell staining by IgG from both diabetic patients and non-diabetic control subjects was consistent with the heterogenous nature of islet cell surface antibodies in human sera (17) .
Discussion
ZnT8 is ranked as one of the most transcriptionally enriched membrane proteins in the pancreatic ␤-cells (28) . This zinc transporter is unique in its tissue-specific expression in pancreatic islets (29) , mostly restricted to ␤-cells and to a lesser extent to non-␤ endocrine cells (30 -32) . We showed recently that glucose stimulation increases ZnT8 display on the surface of INS-1E cells (21) . The secretion-coupled ZnT8 surfacing may enforce a vicious cycle of ␤-cell dysfunction and/or destruction during T1D progression (33) . The ZnT8A assays reported herein uncovered a subclass of ZnT8A in human T1D sera that specifically recognized and reacted to ZnT8 on the surface of live pancreatic ␤-cells, leading to the identification of a molecular target of the elusive islet cell surface antibodies (18). This 
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finding is consistent with the detection of high levels of serum antibodies directed against homologous peptide epitopes derived from ZnT8 TMD and Mycobacterium avium subspecies paratuberculosis, a putative environmental agent triggering or accelerating T1D in Sardinian and Italian populations (34) .
A marked difference in serum titers against ZnT8 and CTD suggested that ϳ50% proteoliposome-induced immunoreactivities were directed to epitopes in TMD. The anti-TMD immunoreactivity in mice correlates with humoral anti-TMD autoreactivity in humans (22) . In 307 human serum samples, 17% of ZnT8A in sera from patients with T1D were attributed to anti-TMD only. Because this percentage did not include the incidence of polyclonal ZnT8As directed to both TMD and CTD, the estimated anti-TMD prevalence in sera of diabetic patients is lower than the estimated anti-TMD subpopulation in proteoliposome-immunized mouse sera (ϳ50%). In the present study, purified antibodies from ZnT8A-positive sera of diabetic patients yielded a significantly higher surface immunofluorescence on WT INS-1E cells over a ZnT8 KO background ( Fig. 5 ). Validation of antibody specificity using KO-cells is a preferred method to establish a direct link between the gene, the target protein, and its detection by the antibody (35) . Our experiments based on human-rat cross-reactivity and WT KO difference in surface immunofluorescence established ZnT8specific humoral autoreactivity toward the surface-displayed ZnT8 in patients with T1D.
Growing evidence suggests that ␤-cell dysfunction is a primary defect in T1D pathogenesis together with the immune destruction of ␤-cells (36) . Seroconversion to multiple islet autoantibodies is often triggered years before the symptoms of severe hyperglycemia (37) , but the relationship between humoral autoreactivity and islet pathology remains unclear. The binding of ZnT8A to live pancreatic ␤-cells may allow a more direct pathogenic role for the surface-displayed ZnT8 in ZnT8A-mediated ␤-cell dysfunction and cytotoxicity without the killing of ␤-cells. In support of this notion, recent studies of autopsy specimens obtained from patients with T1D revealed quite modest immune cell infiltration (insulitis) in only 10 -30% of total islets of affected human pancreas (38) . This finding challenged the long-held belief that 80 -90% of the ␤ cell mass is lost at diagnosis (39) . Future studies are needed to isolate monoclonal ZnT8As to elucidate their potential pathogenic roles in prediabetic and diabetic islets. The islet-specific expression of ZnT8, its accessibility to pharmacological modulations on the cell surface, and the prevalence as a major selfantigen in autoimmune diabetes may be translated to novel combinatorial therapies that target ZnT8 to correct ␤-cell dysfunction and promote immune protection at the same time.
Experimental procedures
Human sera
Experiments with human sera were reviewed and approved by Office of Human Subjects Research, Institutional Review Boards of Johns Hopkins University School of Medicine (IRB00124135).
ZnT8 KO mice
All experiments with mice were approved by the Institutional Animal Care and Use Committee of Johns Hopkins University School of Medicine. Full body, constitutive Slc30a8 KO mice were obtained from Taconic Biosciences. Animal genotyping detected the deleted Slc30a8 locus, and sequencing validation revealed a 19-nucleotide deletion in exon 2 with a frameshift mutation and a premature stop codon. Sequencing the G 1 generation ruled out predicted non-intergenic off-target mutations.
Antigen preparation
The human ZnT8 isoform-2 cDNA (NM_001172814.1) was subcloned into a mammalian pCMV6-based expression vector with a C-terminal His tag (26) . The expression plasmid was introduced into FreeStyle 293-F cells by 293 fectin-mediated transfection and transiently expressed in suspension culture of a serum-free expression medium per manufacturer's instructions (Thermo Fisher Scientific). Human CTD-His was constructed by a N-terminal deletion to remove the entire TMD sequence from the ZnT8-His construct and transiently expressed in 293 cells as above. Cells expressing either ZnT8-His or CTD-His grew to a density of 1 ϫ 10 6 cells/ml, were harvested 24 h post-transfection, and then were broken open using a microfluidizer. The membrane fraction was separated from the cytosolic fraction by ultracentrifugation. Purification of the membrane-bound ZnT8-His was described previously (26) . The purified ZnT8-His was reconstituted at a ZnT8/lipid ratio of 1:20 (w/w) into proteoliposomes composed of DOPC, DOPE, and DOPG at a 2:1:1 ratio. Lipid A (Avanti catalog no. 699200P) was added as an adjuvant to the reconstitution lipid mixture to a concentration of 10% of the total lipid content. The reconstituted ZnT8-His in proteoliposomes was Ͼ95% pure, remained functionally active, and could be resolubilized by detergent to form a monodispersed species on sizing HPLC (26) . Liposomes were prepared in parallel to proteoliposomes without adding ZnT8-His to the reconstitution lipid mixture. Human CTD-His in the cytosolic fraction of the cell lysate was purified by metal-chelating affinity chromatography.
Mouse immunization
Four pairs of male/female homozygous Slc30a8 Ϫ/Ϫ mice at 7 weeks of age were used for proteoliposome immunization and a pair of male/female littermates for liposome immunization. Each mouse was first tail bled to collect non-immunized serum (M0) and then injected weakly with 60 g of purified ZnT8 antigen in proteoliposome suspension or an equal volume of liposome suspension (200 l) into the peritoneal cavity. Two weeks after the first injection, one mouse (M1) with proteoliposome immunization was euthanized to collect blood by cardiac puncture. The remaining nine mice (M2-M8 for proteoliposome immunization, and M9 and M10 for liposome immunization) were boosted with two additional weekly intraperitoneal injections and then euthanized 4 days after the last injection for terminal blood collection.
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Enzyme-linked immunosorbent assay
For proteoliposome-based ELISA, 4 g of proteoliposomes (containing 5% ZnT8-His by weight) diluted in 100 l of PBS were added to each well of a high-binding 96-well plate (Thermo Fisher Scientific) and incubated overnight at 4°C. The passively immobilized proteoliposomes were blocked with 5% BSA and then tested with sera in 3-fold serial dilutions. For solution-based ELISA, 0.6 g of ZnT8-His from dodecyl-␤maltoside solubilized proteoliposomes or 0.3 g of purified CTD-His in 100 l of PBS were immobilized to each well of a nickel-coated 96-well plate via the C-terminal His tag. The immobilized protein was blocked by 5% BSA and then tested with sera in 3-fold serial dilutions. Bound serum antibodies were quantified by a HRP-conjugated goat anti-mouse IgG secondary antibody (Invitrogen, catalog no. 62-6520) with 1:3000 dilution on a Flexstation-3 microplate reader.
Immunoblotting
For assessment of serum anti-ZnT8 immunoreactivity, transfected or non-transfected FreeStyle 293-F cells (denoted as ZnT8(ϩ) or ZnT8(Ϫ)) were used. SDS-solubilized cell lysate (10 g) was subjected to SDS-PAGE and probed with a 1:1000 proteoliposome-immunized serum, 1:200 anti-ZnT8 (anti-TMD) rabbit pAb (Proteintech, catalog no. 16169-1-AP), or 1:1000 anti-ZnT8 (anti-CTD) mouse mAb (Amgen, Fig. S1 ), followed by 1:3000 anti-rabbit or anti-mouse HRP-conjugated secondary antibody (GE catalog no. NA934V or NA931V). For detection of ZnT8A-ZnT8⅐GFP protein complex, the HPLC peak fraction for the ZnT8A-ZnT8⅐GFP complex or ZnT8⅐GFP was collected (detailed below), concentrated by 10-fold using an Amicon MWCO 50-kDa centrifugal filter, and then subjected to SDS-PAGE. The resolved protein bands were probed using 1:2000 anti-GFP (Invitrogen, catalog no. PA5-22688) for ZnT8⅐GFP and 1:3000 sheep anti-mouse IgG (GE catalog no. NA931V) for mouse IgG.
INS-1E cells stably expressing ZnT8⅐GFP
Stably transfected INS-1E cells were selected by FACS based on cellular ZnT8⅐GFP fluorescence and grown as monolayers in complemented RMPI 1640 medium as described previously (19) .
Fluorescence size-exclusion HPLC
Approximately 3 ϫ 10 6 stably transfected INS-1E cells were solubilized using 200 l of assay buffer (20 mM HEPES, 100 mM NaCl, pH 7.0) plus 0.5% dodecyl-␤-maltoside. ZnT8⅐GFP in the detergent crude extract was collected as a monodispersed peak on GFP-fluorescence sizing-HPLC, incubated with 0.2 l of proteoliposome-or liposome-immunized serum for 1 h, and then re-injected into the HPLC column. The elution profile was monitored using a fluorescence detector as described previously (19) . The peak fractions were collected for immunoblotting analysis to validate the ZnT8A-ZnT8⅐GFP complex.
Immunofluorescence staining and imaging
For mouse sera, WT INS-1E cells grown on coverslips at ϳ70% confluence were exposed to a proteoliposome-or lipo-some-immunized serum at a 1:100 ratio in 100 l of culture medium. After 2-h incubation in 37°C, the cells were washed with Ca-PBS plus 1% BSA and then exposed to Alexa Fluor594 conjugated goat-anti-mouse secondary antibody in 1:200 dilution with culture medium (Thermo Fisher, catalog no. A11032). After 30 min of incubation at 4°C, the cells were washed free of secondary antibody with Ca-PBS and then fixed with 4% paraformaldehyde. The nuclei were counterstained with DAPI. The cells were then imaged using a Zeiss LSM 700 inverted confocal microscope with a 100ϫ oil objective under the control of Zen software (Zeiss). For human sera, 100 g of purified whole IgG was used following the same procedure as above.
ZnT8 knock-out INS-1E cells
A custom sgRNA construct targeting exon 5 of Slc30a8 and primers for performing SURVEYOR and sequencing analysis of the targeted locus were designed based on the online CRISPR Design Tool (28) . A pair of 20-bp guide sequence oligonucleotides (CACAAAGGCCGCTCGAACGC) was annealed and ligated into a sgRNA expression plasmid pSpCas9(BB)-2A-GFP (PX458) (Addgene, ID 48138) containing a Cas9-GFP fusion. The sgRNA expression construct was validated by DNA sequencing and then delivered to low passage INS-1E cells (n ϭ 33) by Lipofectamine 2000 transfection. The top 10% GFP-positive cells were FACS-sorted 48 h post-transfection. Genomic DNA from pooled GFP-positive cells was PCR amplified using the SURVEYOR primer pair (forward, ACGGTGAGCTCTAT-GCAAGC; and reverse, GTTTGAGCAAGTGAACGCGG). SURVEYOR nuclease digestion of reannealed amplicons suggested ϳ10% Cas9-mediated cleavage. Sorted cells were expanded clonally. Approximately 5 ϫ 10 5 isogenic cells for each cell line were collected and screened by immunoblotting of SDS-lysate using 1:200 anti-ZnT8 pAb (Proteintech, catalog no. 16169-I-AP). Genomic DNAs from anti-ZnT8 negative cells were amplified with SURVEYOR primers, subcloned, and then sequenced to reveal the clonal genotype, showing a single nucleotide insert at the sgRNA cleavage site. This frameshift mutation abolished ZnT8 expression by anti-ZnT8 immunoblotting validation.
Flow cytometry analysis
WT or ZnT8 KO INS-1E cells were trypsinized, counted, and resuspended in the cell culture medium at a density of 1 ϫ 10 6 /ml. Aliquots of 100 l of cell suspension were stained with 1 l of a proteoliposome-or liposome-immunized mouse serum in 3-fold serial dilutions for 2 h at 37°C, washed free of serum proteins with Hanks' balanced salt solution plus 1% BSA, and then stained with Alexa fluor647-conjugated donkey antimouse secondary antibody in 1:200 dilution with culture medium (Thermo Fisher, catalog no. A31571) for 30 min at 4°C, followed by two washes with Hanks' balanced salt solution plus 1% BSA. The labeled cells were analyzed immediately by flow cytometry. Approximately 99% scattering events belonged to a singlet cell population with ϳ98% cell viability based on propidium iodide staining. The cells gated on forward and side scatter revealed a single population represented in a histogram of Ͼ10,000 single-cell counting events. The average immunofluorescence intensity and standard error were obtained by ZnT8, cell surface antigen and autoimmunity least square fitting of the histogram to a Lorentzian distribution using the data analysis software SIGMAPLOT (SPSS Inc.). Parallel analyses were performed with human sera of diabetic patients or non-diabetic control subjects on 1 ϫ 10 5 WT or ZnT8 KO INS-1E cells using 100 g of purified whole serum IgG and 1 g of Alexa Fluor 647-conjugated goat anti-human secondary antibody in 1:200 dilution (Thermo Fisher, catalog no. A21445).
Purification of human serum antibodies
Whole IgG from human sera were purified by affinity binding to immobilized protein-A/G on an agarose matrix per manufacturer's instructions (Pierce, catalog no. 20423). 
